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Abstract

Increasing energy costs, new environmental legislatind,@ncerns over energy security are driving efforts todase industrial
energy efficiency across the European Union and the worldhuféeturers are keen to identify the most cost-effectican@ues
to increase energy efficiency in their factories. To achibeedesired efficiency improvements, energy use should lzsuned in
more detail and in real-time, to derive an awareness of tkeggruse patterns of every part of the manufacturing systarthis
paper, we propose a framework for energy monitoring and gemant in the factory. This will allow decision support st
and enterprise services to take into consideration theggnesed by each individual productive asset and relatedygnesing
processes, to facilitate both global and local energy dpétion. The proposed framework incorporates standandsrfergy data
exchange, on-line energy data analysis, performance mezaent and display of energy usage.

Keywords: Energy management, Sustainable manufacturing, DatarStealysis, Complex Event Processing

1. Introduction pect of operations management for producers and it is now sup
ported by international standards (e BSi, 2009 1SO, 2011J).
Energy is an abstract concept. We cannot see it or measureyitis also a concern for customers, since it affects theirpsco
directly, yet we know that it has value because of the work thag emissions\(VRI, 2009. Original Equipment Manufacturers
it can do and because energy carriers such as electricity anéhEMs) are under pressure to demonstrate how each stage of
gas are expensive. Although we speak of energy consumptiothe supply chain is operated sustainably, and energy manage
we know that from a thermodynamics perspective it cannot benent plays a vital role in this. To audit a product’s carbon
consumed, merely converted from one form to another and thagotprint, a manufacturer must be able to trace the emission
such conversions inevitably incur a loss of value. The g@ner produced during each components manufacture along ttre enti
tion of electrical energy by combustion harms our environie supply chain. This requires detailed knowledge of the energ
through the emission of greenhouse gases, and the cost of afsed by each process and how this can be assigned to specific
ergy carriers is riSing. It is therefore important that intties products_ Failure to de\/e|0p information systems to Tt
become more energy efficient for the sake of their competitiv g ch analysis may cost manufacturers through carbon texes,

ness and the global environment. cessive energy use, and possibly also affecting their catpo
The global industrial sector used approximately 98 EJ of enimage.

ergy in 2008 and this is projected to increase by 44% between
2006 and 2030. European energy use was 48.5 EJ in 2008, of
which the industrial sector used 13.5 EIA, 2010. Industrial

CO, emissions are driven by the amount and type of energy

used by factories as well as indirect emissions from electri
ity production. Between 1990 and 2005, global fnissions

Effective industrial energy management is often very cante
specific, since it depends on many local factors such as ptodu

from final energy use increased to 21.2 Gt.Q®which man- design, process choice, national fuel mix, etc. This melaais t

ufacturing industry is responsible for the biggest shar&gab :ct can be (.j'fgcutlt to rep(l;t_:f?te e?_ergy séa_wlng s?lunonds/vzh;uh
(IEA, 2007, 2008b). rom one industry in a different industrial sector and/azde

tion. In this respect energy management differs signifigant
is essential for the transition of developed nations towawad/ from qgal_lty .management, alt‘hough the ISO stan,dards share
gpany similarities such as the ‘plan, do, check, act’ cycla- E

carbon economies and clearly energy can no longer be consi . i .
: . : gray management therefore requires a flexible approaclit but
ered a fixed operational expense, and instead must be treat ) . . .
Il benefit from a framework within which good practice can

as a resource to be managed alongside materials, cash and the .
workforce. Energy management is becoming an essential a © establlshed. .The. framewor!< for advanced energy manage-
ment described in this paper will allow energy managerslat al

levels to identify the patterns of energy use at differentle

*Corresponding author. of analysis in their factory and thus make meaningful deoisi

Email addresskvi khor ev@nu. ac. uk (Konstantin Vikhorev) based on performance indicators that are relevant to them.
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1.1. Research Focus

The focus of the research described in this paper is the fee
back of energy usage information in real-time to facilitate
tion by those responsible for industrial processes. Thaglfe

back is intended to foster an awareness of process energy use
in the same way that domestic energy monitors are intended to

increase energy awareness (i.e., understanding of ensgy u
in the home. Domestic energy monitors usually display &lect

cal energy data only and these data are aggregated at dyvellin 2

level, making it difficult to compare historical energy usg b
different devices. Signal processing techniques have bpen
plied to separate and display the energy used by individosal d
mestic devicesHart, 1992 Patel et al.2007. There is no such
equivalent for industrial processes, although in manylifeas
sub-metering and half-hourly reporting facilitate enenggn-
agement at a departmental and facility level. Studies obeu

hold energy use have identified energy savings of over 20%
simply by providing energy information through monitoring 3

(Darby, 2006 Hargreaves et a1201Q Lertlakkhanakul et a).
201Q Meyers et al.2010.

hypothesis within its real-life context. In order to addréise
agsearch question above, the following four steps weretadop

. State-of-the-art analysis

Literature was reviewed on existing energy management
systems, international energy standards used in manufac-
turing, performance measures, and visual interface design
A comprehensive overview of the required elements of an
energy management framework was generated.

Energy survey

A preliminary energy survey was conducted at the
premises of a major European automotive manufacturer in
order to identify the relative proportions of energy losses
and saving potential. It involved minimal interviews with
site-operating personnel, energy measurements and a re-
view of facility utility bills and other operating data, and

a walk-through of the facility to become familiar with the
building and equipment operation.

Design & Implementation

Based on results the state of the art analysis, the require-
ments for an advanced energy management framework

Industrial energy management has many similarities with  \ere identified, including data standards and data process-
quality management, as can be seen by comparing the energy jng key performance indicators, and graphical user inter-

management standard 1SO 50008, 2011 and the quality
management standard ISO 9008Q@, 2008. Quality managers
understand the importance of developing a ‘quality cultare
the factory floor and this is fostered by display of qualitiated

face elements.

. Evaluation

The framework is currently being deployed via a prototype
information system situated on a machining line at the case

information such as such as defect rates, process contxdbch
and overall equipment effectiveness. Conventional enai@yy
agement methods at the factory floor are limited becausethe e
ergy performance of individual processes cannot be urmtzist
without continuous measurement of energy consumption and
an infrastructure to map process energy data onto relevait b
ness performance measures. This lack of insight (which we ca
call ‘energy awareness’) limits the scope for timely demisito
reduce energy use.

The research question that arises in this context is: “Hows- Elementsof Industrial Energy Management

might the presentation of real-time energy informationhe t
One cannot manage what one does not measure, so data col-

process level reduce the energy used in production?” This rq tion is fundamental to enerav management. Industrial en
search question is based on two assumptions: 1) that the pr ction 1S Tundamental to energy management. ustrial €

sentation of suitable decision support information at theps ergy data are collected at a_II levels of granularity frqmsbb-
floor will allow operators to save energy by temporarily shut process level to the_global industry sector and aJF diff

ting down a process that has excess short-term capacity; a é)ral levels from rr_ulhseconds to yearly, dependmg on te n
2) that operators will be given the training, authority and-m turelof the _an?lyss to rt])e plertform(ta_d. ,IAltEthe mdAustry sector
tivation to make process shut-down decisions. The human bégve » Organisations such as International Energy AgetioiX

havioural aspects of this question will be the subject oftart collect, analyse, and disseminate energy information. gtina-

paper. This paper describes an advanced energy managemB y level, orgams_at_lons carry out energy audits to uraeds
framework and a prototype information system energy flows in buildings, manufacturing systems or preeess
' and thus reduce the amount of energy used without negatively

affecting productivity. However energy management goes be
yond energy monitoring and targeting; the deep integrdimsn
tween the factory floor and factory building must be underdto
Two methodological approaches are relevant for this papeEnergy data gathered from all layers of an organisation teed
an action research (AR) frameworksiieenwood 1999 and  be correlated and evaluated together to develop holisgoggn
case study researcliifi, 2008. The overall research is embed- efficiency strategiesk@arnouskos et al.2009. The most sig-
ded into AR framework to ensure a structured research psocesificant energy consumers, be they electrical, thermamoted
and its continual improvement. Case study research was apr mechanical (e.g. compressed air) need to be identified; mo
plied as the main source of data collection and to test rekear itored and analysed in real-time to increase industriatgne
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study facility. The case study will used to evaluate the de-

ployed system and the energy management framework by
comparing the energy consumption of each production as-
set before and after system deployment. The nature of the
energy decision process used by the factory personnel will
also be analysed. The qualitative results of the evaluation
are presented.

2. Methodology



efficiency. This requires standardisation of data coltegton-  developments in the future. Energy data can be measured and

line data processing and visualisation techniques. energy performance derived at different levels within tigao-
isation, with appropriate measures being applied at eaeh, le
3.1. Energy Data Standards as shown in Figuré.

For the sake of accurate and meaningful analysis, standards
should be defined and applied at each level of the organisatio

Data Aggregation Level Efficiency Analysis Level

International National Energy Intensity

which energy data are collected. An energy data standard spe Statistics (Mtoe/$GDP)

ifies the way that information is to be derived from the datal a statiotios S ) ity

how the energy information is to be processed and stored. The Sectoral Sub-sectoral Efficiency
standard includes the definition of the sampling perioda dat sub-soctora (Htoatenne praduction or Mtoel$)

Individual Plant Efficiency
(toe/tonne)

precision, units, descriptions, etc. Statistics
A recently defined standard for industrial data is MTCon-  pa o
nect MTConnect2010. This is used to monitor machine tools
and it includes a specification for machine tool energy dhta.
defines a common language and structure for communicatiogigyre 1: Energy efficiency indicator pyramidpylipsen et a).1997)
between manufacturing equipment, and allows access to man-
ufacturlng_ data using standa@seq interfaces. Howehés, t  p e 1o the variety of industrial processes and their complex
standard is qnly intended to S|mpI|f_y d_ata exc_hange betweeﬁy, the development of suitable energy performance irdisa
controls, devices and software applications using INtIM® 5154 depends on the purpose for which they will be applied e.g
tocol, and it does not provide any requirements for datesteain  jjcators designed for a specific manufacturing sectoecBip
(e.9., the type of data, sampling rates, units et&graetal. e has to be taken when defining any set of performance in-
(201]) describe an approach to the monitoring of electricalyicators. An indicator system should be complete regaraing
power within manufacturing. In their system, glectrlcmyne important and relevant organisational objectives, andalsly
sumers are classified according to three levels: the faalery oy ery aspect of performance that is included must be quantifi
partment, and unit process. Each level has a specific satfof te gp1e'in order to be measurable. Finally, the indicator systas
nical requirements for the metering equipment and the monig, pe flexible to adapt it to changing environmental condiio
toring system (e.g., measurement resolution, standamdp@ other fields of applicatiorZvingel, 1997).
rameters). However, this approach cannot be applied ta othe g nse et al(2017) describe a number of energy performance
energy carriers used in industry, such as gas, steam, Water Qeasures that were identified by interviewing industry man-

compressed air. agers as part of the IMS2020 project. These include:

Operational Unit Efficiency
(toe/tonne production)

Quantity of data required

3.2. Performance measures e Measures to identify inefficiencies within a plant’s energy

To improve energy efficiency an organization must adopta ~ YS29¢€ (consumption profiles);

procedure of monitoring and targetini, 2009 IS0, 2011, e Measures to facilitate the tracking of changes and energy
Kannan and Boie2003. Monitoring requires knowledge of efficiency improvements;

current energy use, according to a set of key performance in-

dicators (KPIs) that are relevant to the energy using psees e Energy efficiency measurement directly in monetary val-
employed. Targeting refers to the desired reduction ofgner ues to identify possible savings;

usage, for example a certain percentage reduction oveea giv

period. e Indicators for mapping energy usage for better understand-

ing of input, output and measurement points for each in-

3.2.1. Energy Performance Indicators dustry specific manufacturing process.

Performance measures for energy efficiency are a subset 8f
those related to industrial performance as a whole. In géner =
energy performance measures are designed to measure how/Vhile monitoring energy use at the plant level will help to
much benefit is derived from specific energy use. An energymprove energy awareness in the company, such measures do
performance indicator can be compared against an intexnal t NOt automatically suggest ways to reduce energy use. Signif
get, or an external benchmark to give an indication of perforicant improvements may require more sophisticated measure
mance Ahmad and Dhafr2002. Many of the indicators are ment, analysis and control techniques.
simple ratios of the output of an activity to the energy used t
carry out that activity (e.g., specific energy consumpt®BEC)  3.3.1. Analysis of energy profiles
—the ratio of energy consumption to units). Energy relate i Every factory site, manufacturing process, or single maghi
cators enable actors within an organisation to react totivega uses energy at a rate, which changes over time. This can-be dis
developments and to identify improvement opportunitiesalA  played as a power profile, which can be analysed using differe
ysis of historical data allows the processes in the compabgt timescales for different purposes. For example, at plaml le
assessed and measures to be developed that positivelynitdlue such analysis may be useful to identify peak loads that would
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attract a surcharge from the energy utility company. Intioldi  weather. They can be used to target process, plant or site ef-
analysis of cumulative energy profiles may inform investmenficiency improvements and to display information at a range o
decisions and operating policies at the plant or procesd,lev levels from shop floor to stakeholder’s level. However, ¢hes
such as the decision to purchase a new compressed air supplysystems suffer from lack of standardisation and real-tiote-a
an item of electrical equipmentérrmann and Thied@009. matic correlation of energy data across multiple produndgo-
Several software solutions have been proposed to supls. Existing EMS have been shown to reduce energy use by 5%
port energy decisions by providing analysis of energy loadCarbon Trust2008. Researchers have proposed energy infor-
profiles at different temporal levels, such as process conmation systems that go much further, allowing the optiniazat
trol, production planning or enterprise asset managementf manufacturing processes locally and globally by integra
Vijayaraghavan and Dornfeld201Q propose a conceptual ing energy managementwith manufacturing execution system
software-based approach for energy data analysis, whizh pr(Karnouskos et gl.2009 Vijayaraghavan and Dornfel@010
vides automated energy reasoning and decision suppodsacreand by applying systematic approach to the analysis of gnerg
multiple production levels and allows automated monitgrin data Herrmann and Thiede2009 Thiede et al. 2012. The
and analysis of energy consumption in manufacturing sysfirst address the issue of data correlation and systems peer
tems.They argue that such software must: ability, but missing automatic data stream analysis ators
and a decision support for a factory personnel. The system-
» Be capable of concurrent monitoring of energy use andytic approach on the other hand uses historical data to model
technical process parameters, the dynamics between processes and all related materiad, flow
and therefore decisions based on such models may be flawed if
important process parameters have changed since the proble

e Feature a scalable architecture to handle future increas&§uation was modelled.
in data volume, and

e Adhere to data standards,

) , 4. Towardsan Advanced Energy Management Framewor k
e Feature modular architecture to support analysis across

different manufacturing scales. In this paper, we propose a framework for advanced indus-
trial energy management by continuously obtaining energy-
Seem(2007) describes a robust method of rule-based statisre|ated information from any location of interest at the-fac
tical analysis of energy profiles to detect energy relat@ht oy floor and combining it with enterprise wide information
at the level of whole buildings. The method works by group-tg enable system-wide optimization. The framework shown in
ing data by day, then by pattern of energy use (such as avegjgyre2 is an extension of the generic approach presented by
age power, peak power, etc.) Analysis of energy data in thigjjayaraghavan and Dornfel@2010. It includes the state-of-
way provides a dataset representing normal performanae frotne_art features of today’s energy management systemsasuch
which ‘energy events’ may be detected as deviations from nory sypport of different communication interfaces, a set of en
mal behaviour. The method might be applied to manufacturing}rgy related indicators with the addition of metrics to poten
in cases where sub-metering or ind_ividual machine da_tamre Nenergy awareness in the context of productivity, CEP engine
available. Where such data are available, a more detaildgl-an 5, event stream processing. The framework also incorpsrat
sis of energy profiles can be carried out. Such an analysld coufeatyres that go beyond state-of-the-art: energy dataiatein
separate the energy used by technical building serviceSXTB to mitigate the inconsistency and unreliability of muchreut
the machines, the factory environment and the energy and ISractice with respect to energy data, a method for procgssin
source distribution network as described Herrmann et al. energy data in real-time to identify energy used by each pro-

(20118. duction asset in each one of a set of defined operating states,
and decision support for increasing energy efficiency aad-di
3.3.2. Energy Management Systems nosing failures at the production process level. The fogus o
Information technology can help to manage and reduce ththe factory floor allows energy use to be linked to specifidpro
energy consumption in the factory. 1ISO 50008, 2011) in- ucts, specific times of day and specific process states. Ifinal

cludes requirements for a programme of energy data caliecti the framework allows the calculation of performance mstric
such as the installation of automatic monitoring and tamget in real-time to support problem diagnosis and resolutiahtan
(AMT) systems, and this can be used to increase energy efftommunicate such information to decision makers using per-
ciency at different levels of a factory. Commercially aghle  ceptually efficient visualisation. This is intended to reegog-
energy management systems (EMS) e.g., eSight M&T / EM$hitive workload and improve situation awareness.

(eSight Energy2012, EnergyCapkEnergyCAR2012 can col- By using energy data to optimise production planning, one
lect energy data using one or more sub-meters and they caran schedule energy intensive tasks to avoid peak load er tak
be used to identify opportunities for daily energy. They canadvantage of energy from intermittent sources, such as sola
be used with a range of sensor technologies to monitor energgnergy. Similarly, production activities with heat reauirents
carried by electricity and gas as well as other energy aatrie might be scheduled with another process that releases waste
They can analyse these data to separate energy use resultimgat to take advantage of energy cascad@goécurth et a).
from production schedules from that which is driven by the1989 Hayajawam et a].1999.
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>[ MES ) (Brown et al, 2010. Therefore, an energy data standard for

= < < manufacturing mustrown et al, 2012gb):
iR im e
—_— — — e Provide compatibility with historical data allowing perfo
@ @ @ mance comparisons and setting of realistic energy targets
|Data Standards | Communication Interfaces| (ISOv 201])!
EnergyData [ profibus| | OPC e Contain energy data in four main sections: time series
data, metadata on accuracy and precision, supporting doc-
@ umentation (start, finish, sample rate, maintenance dates,

] performance issues, etc.) and energy data documentation
(climate data, fuel types, etc.B&i, 2001, VDI, 2007,

———

Data Stream Analysis

—— e Store energy data documentation within the dataset, in-
T il j cluding data on the types of energy for which consump-
p tion data are stored e.g., calorific values for gas, appropri
ate conversion factors required to present energy data in
standard units of kWh,

Definitions

e Allow zoning of data (i.e., data disaggregation) in rela-
tion to both building services and production to measure

[ ';i‘::g’r't‘ ] [ Visualisation ] performance at different temporal levels and to avoid data
D duplication or double counting.

: The data standard based on these requirements is used in the

proposed framework.
Figure 2: Proposed energy management framework
4.2. Data Stream Analysis
Traditional industrial decision support systems collegatad
from multiple sources. These data are typically stored in a
1. Energy use data are acquired in real-time from productiodatabase and analysed off-line, allowing decision makers a

The model uses the following conceptual approach:

assets, each organisational level to identify problems, and presms
2. The incoming data are analysed to produce a stream dditions.
‘events’; Analysis of continuous data streams allows more timely de-

3. An event driven software tool (called the CEP engine seeisions but would result in very large files unless some fofm o
Section4.4) processes the event stream using predefinedata reduction is used. Data reduction would extract kegtsve
logical rules in real-time and outputs a report or a sug{rom data streams and analyse the timing and nature of them in

gested action; order to derive energy performance information.
4. Energy performance is calculated in real-time accorting ~ Recent studies Herrmann etal. 2011a Lietal, 2011
a set of energy related KPIs; Pechmann and Schle2011) have shown that power signals
5. Energy performance is integrated into ERP/MES and dismonitored at a machine tool can be analysed to identify spe-
played to workers for decision support. cific operations such as milling or drilling. FiguBeshows a
power profile for a milling process, including identifiableeats
4.1. Data Standard Requirements such as machine start-up and shut-down, spindle acceleyati

Real-time energy monitoring requires an intensive exchangMilling, surface finishing, drilling, and stand-by periodper-
and correlation of data that are measured using a range of se@ting states can be classified thus:
sors, meters, industrial controllers, etc. Data intergiesstan- 1. Producing: production asset is adding value (e.g., energy
dards for energy are necessary to reduce the potentialrimr er used for the production),
when converting between formats, and will increase the -accu
racy of the proposed framework. Improved data standards wil
also address current problems of unreliable energy dataodue
inconsistencies in documentation and poor data qualityr Po
quality energy metadata can lead to differences between en-
ergy data structures and differences in notation for sutdsfaes
building addresses, electrical feeds or metering pointher
If poor formatting means that a database server is not capabl In principle, if one can recognise the different stages gf an
of processing the data, this can cause energy analyses to-be cproduction process, one can create a database of referatace p
rupted by double counting, or critical energy data to beigdo terns for that process.
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2. Waiting: production asset is not adding value and is wait-
ing for production (e.g., during short waiting for incoming
parts or materials);

3. Idling: production asset is not adding value and is not
waiting for production (e.g., during unscheduled events
such as another machine’s failure on the production line).
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Figure 3: Power profile of a milling process

Pattern matching techniques based on ‘dynamianance inreal-time. Figureshows the data processing required
time wrapping’ or ‘similarity subsequence matching’ for real-time energy data stream analysis. The incoming dat
(Argyros and Ermopoulgs 2003  Assentetal. 2009  stream is filtered and normalised. For electrical power we as
Sakurai et a]. 2007, Weietal, 2005 have been applied sume thatthe production process has been instrumented to co
to monitor numerical streams and to find patterns that aréect data at a sample rate of between 2 ms and 1 minute. As
similar to given reference signal.Chiotellis and Grismajer shown byChiotellis and Grismaje¢2012, the choice of sam-
(2012 applied the SPRING algorithmSgkurai et al. 2007 ple rate depends on the variability of the observed signaih-M
to the analysis of streams of manufacturing energy datajfacturing equipment exhibits power signals that are lyiglyt
demonstrating real time automatic production stage reeognnamic compared to building services equipment (for exajnple
tion. Figure4 shows a modification of their algorithm with so higher sample rates are used here than might be the case
real-time Z-normalisation of the input data stream, altfoyvi for building energy management systems. After the opegatin
manufacturing energy data to be processed and converted instate of the production asset has been identified as a time se-
the set of events related to the operational state of a machinries, the following indicators can be calculated: averageqr
This modification is necessary since the original algorithminput, minimum and maximum power input, total energy used
does not normalize the offset or amplitude of the matchingn each operating state, duration of each operating statera
data sequencesSértetal. 2010. Therefore, it is assumed mal peaks and troughs, deviation of energy use from referenc
that the data sequences will naturally have the same offs@perating state. This approach can be extended for mamitori
and amplitude as the matching reference pattern. Howeveand analysing all energy carriers in real-time.
in real-world manufacturing applications that assumpti®n

flawed and leads to poor detection of equipment operating 3. Energy Performance Indicators

states.
Industrial energy management includes procedures for mon-
Machine o T itoring and targeting. Monitoring is necessary to derivewh
I Event edge of current energy use, Whgreas_ targeting comparegyener
Input Data . Seneratoy data to set targets in order to identify management présriti
Steam T for action. Energy related KPIs enable managers to react to
l Summary changes in patterns of energy use.
s | “:::zf‘::g || statistica | [LCurrentstate | Energy related KPIs should be independent of industry sec-
e Algorithm Analysis || Health Prognosis || tor, application, timeframe, or energy carrier. The intica

[Abnormalbehavior || nresented in Tablé are an overview of possible KPIs that have
been chosen based on both the results of interviews withsindu
Figure4: Data Stream Analysis (aft&@hiotellis and Grismaje2012) try managers carried out Hunse et al(2011) as part of the
IMS2020 project and discussions with industry partner$ wit
Typical events might include machine failure, machinewhom the authors are currently working.
placed in standby mode, drilling complete, etc. These avent Different sets of indicators can be identified depending on
can be used for further analysis and to derive energy perfothe required focus. The indicators presented in Tdbiecus
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Table 1. Selection of energy related KPls

Indicator name Focus Description
Power Energy Instantaneous or average power used by a process.
consumption
Energy Energy Energy input into a process during a defined time period.
consumption consumption
Specific energy Energy Energy consumption per item produced. Items can be defined as
consumption consumption a manufactured product or a monetary unit (revenue or profit
Energy costs Energy costs Monetary cost of energy used including fixed and variable-com
ponents.
Specific energy Energy costs Energy costs per manufactured product.
costs
Energy losses Energy Energy use associated with non-value adding process steps ¢
efficiency erating states.
Energy efficiency Energy Output of an energy transformation process expressed as a pe
efficiency centage of the energy input to the process, hence energgieanv
sion efficiency (EA, 20083.

on energy consumption, costs, and efficiency. These irafigat allow better energy decisions than would be possible thHroug
cover a range of different aspects of energy management.  offline analysis of historical data. A combination of dateam
analysis and CEP allows the calculation of manufacturirsg sy
4.4. Complex Event Processing tem performance according to various energy KPIs, and the pr
Complex event processing is widely used in information sysSéntation of process status to provide real-time monigoaind
tems designed for highly dynamic business environments sud@rgeting within the company. This approach provides new pr
as stock trading and business process management. It can ak€SS improvement capabilities, for example the enhanceshen
be used as part of an advanced energy management framewobPk€ventive maintenance since excessive or unusual enengy ¢
CEP is defined as a set of tools and algorithms for analysin§UmMption might be an indication of a machine fault. CEP can
and processing a complex series of evehtsckham 2007, allow production sched.ules to be dynamically optimisedeto r
where an event is defined as an instance of data that indicaté§C€ €nergy consumption.
that something has happened in an application environment.
In manufacturing systems, examples of events may be a statyss \jisyalisation
variable exceeding a defined threshold level (such as mawimu
safe power level) or a machine state change (such as ‘produc-Wwithin manufacturing industry, the visualisation of energ
ing’ to ‘idling’). CEP can be used by software applications t use can be provided by supervisory control and data acquisi-
derive real-time intelligence from data streams and make 10 tion (SCADA) systems or MES software, althoughinse et al.
latency decisions in response to changing conditiboskham (2011 have identified a gap between the potential of MES and
2001, Wu et al, 2006. enterprise resource planning systems in the area of industr
Software systems using CEP aggregate data from variousnergy visualisation. Energy can be monitored and displaye
sources and apply predefined logical rules to identify paste in real-time and at different levels (from sub-process waoi-
and trends that could be missed by a human observer. Such paktion), depending on the purpose. The display of energy dat
tern matching gives organisations the ability to identifig@n-  via a human-machine interface is intended to facilitateesnd
ticipate opportunities presented by seemingly unrelatedts.  standing of energy use patterns and trigger emergencynattio
However, there are several difficulties when applying CEP imeeded. Since a poor understanding of energy use may lead to
an industrial environment. The monitoring of the productio excessive waste, with financial and/or machine health apli
process involves collecting data relating to a large nunaber tions, it is important that the display be clear and unamigu
process parameters from different parts of a network and hiFor this reason, colour graphics are often used in suchajispl
erarchical organisation, leading to a high volume of nekwor and attention is paid to ergonomics so that users are pegbent
traffic and problems with synchronisation of data. Data gapsvith familiar graphical devices such as:
due to synchronisation problems may lead to data corruption
Additionally, much of the acquired data might be unnecgssar e XY plots of time series data to communicate changes over
for the CEP process. The key to solving this problemistousea time e.g., energy load profilélarris 1999,
distributed CEP system (i.e., processing is divided intbean
ded and server components) with the ability to filter out data e Pie charts to compare relative values of indicators one to
that are unnecessary for analysis before transferring themn another and to the whole e.g., to communicate energy effi-
the network. By using timely data, the proposed system shoul ciency and lossedHarris 1999 Preece and Kelled 990,
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Figure5: Example of the energy display for visualisation of elecéergy consumption.

e Bar charts, which are an effective form of feedback of en-{13 multi-operation machines) of a major European automo-
ergy use Arvola et al, 1993, to communicate and com- tive manufacturer. Production machines are arranged ipia ty
pare energy use over a specific time period of time, cal U-shaped line. There are also some energy-using amcilla

systems including cutting fluid recirculation, compresséatg

o A needle on a dial to communicate instantaneous values,heating and ventilation, etc. An preliminary factory enesgr-

vey has shown that one of the main energy losses in the factory
e One or more digital readouts to display accurate unam¢about 20-30%) relates to production machine idling. iglkm-
biguous data e.g., peak power. ergy losses are usually caused by inefficient operationr®y i
) ] personal. This is the reason for the design and evaluation of
The design of the display should be chosen to reflect thgye prototype energy management system described above. It
energy management priorities of the organisation, at hel e go1d be noted that the manufacturer uses a manufactuging e

at which energy is being monitored. At the operational levelyqtion system (MES), which provides real-time processimon

energy managers are concerned with the technological pefsying and production scheduling; however, it does not fiooni

formance of a process including the energy used by the prosnergy. The input and output MES interfaces are summarized
cess, the energy state of the equipment, energy use peaks aqu:igureG.

troughs, etc. An example of a display for enhancing energy

awareness on the factory floor is shown in FigbreTo re- Machine Input Online
flect the nature of the particular process the XY plot display Machine State Alerts to Technical Support

. . . . Fault Type Warnings: Tool change, material shortages
an energy load profile in real-time. The different coloursdis Production quality archive
for parts of the energy profile represent energy used duhieg t Shedule ineut y Q Status indicators and buffer capacity
three main energy states of the process, which are: proglucir pianned stops Analysis

(energy use during value-adding process steps), waitiag-(n Shiteattern Sottle neck analysis
essary energy use during non-value adding process steghs) aauality input M ES Cycle time average

C e . . Cycle ti d
idling (unnecessary energy use during non-value adding prc:2® e vl

X R Re-work MTBF/MTTR
cess steps). Pie charts are used to show the proportions of € Number of produced parts
: : : . . Admin Input Buffer between machine cell
ergy used by the equipment in different states on a particule y,mper of stations y
day, week, month, etc. Total energy use over a specific time p¢Parallel machines Health Status _

. . - . Cycle times Failures history of machines
riod is represented as a bar chart. The digital readoutsadisp cad times Remaining life before maintenance
maximum, mean and minimum power values and a ‘specific erga;a“"_" limits

. . - . . uirer size
ergy use’ indicator which measures energy in kWh per unit or
production. Figure 6: MES interface specifications

The prototype energy management system is designed to ac-
5. Case Study quire and process the energy data stream acquired from any in
dustrial asset that uses energy, whether it is a value adlting
At the time of writing, the framework described is being de- vice such as a machine tool, a device supplying technicéd-bui
ployed via a prototype information system in a machining lin ing services (TBS) such as a chiller unit or a piece of peryphe
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Table 2: Evaluation of state recognition by pattern matching

Energetic state parameter Prototype system MES Comment

1. Average time in producing state 911s 889s 2.5% difference

2. Average time in waiting state 189s 193s 2.1% difference

3. Average time in idling state 16360s 15574s 2.5% difference

4. Average energy used during idling 370 MWhlyear N/A 23% of annual energy consumption

equipment such as a coolant pump. The software in the sygnergy efficient decisions. In the case company, machine ope
tem consists of two parts: the client, which is running on anators are empowered with the authority to shut down machines
industrial PC near the production assets and the servechwhi if they believe capacity will not be needed for a significamte

is running on the server computer. The industrial PC used foand to re-schedule machining operations to make best use of
the case study is a Beckhoff CX1030. It is equipped with I/Oresources and time.

modules that enable measurement of all relevant electigal Interviews were conducted with several experts represgnti

ply data (current, voltage and power factor in each phase) ahe company such as a project manager, a head of department,
up to 10 ms data resolution. Voltage is measured using a dia production technician, a shift leader and line operatarthe

rect connection and the currentin each phase is measureyl usiinterviews it became evident that there is a need for such IS.
current transformers. For example, a project manager explained that “real-time en

Energy data are calculated from the measured parameteesgy information needs to be available for all personnehm t
and streamed at a frequency of 1Hz from each monitored alant, like operators and production technicians. Thierimfa-
set.The client part of the software uses a modified versitimeof tion should be easy to understand and to access, allowing to
SPRING algorithm to identify repeated patterns in thisatie make decision, such as turning on and off equipment”. Simi-
Each pattern represents a specific operating state of tieg asdarly, a production technician stated that “available nhbnéen-
such as ‘producing’, ‘waiting’, and ‘idling’. The energymo  ergy measurements per department level do not allow igentif
sumption and duration of each energetic state can be expectang energy saving opportunities”. Shift leader and opesxoe
to depend on the type of machine. In this case and followhighly motivated to reduce energy use, however interviswee
ing discussions with factory experts, the following end¢ige explained that existing MES “does not estimate on/off tifioes
states were defined: producing (8-30kW), waiting (3-8 k\Wj an a machine, predicting machine availability is requiredll.iA-
idling (0.6-1 kW). terviewees confirmed that the prototype system help toifyent

Table2 shows a comparison of these states as identified binefficiencies within lines energy use, optimise produtpoo-
the MES and as identified by the prototype system over a periogess and detect equipment faults. To date, the prototypensys
of a week. The comparison was made to validate the choickas been tested but not evaluated in the factory since itis in
of energy patterns used when training the software. As wellended to support a new machining line to be installed in the
as identifying machine states, the algorithm can be tratned near future.
identify the energy profiles corresponding to differentdgarcts Much of the functionality discussed above could be realised
or parts, therefore determine specific energy consumptjon bby combining production systems with a sophisticated MES,
product type. The client part also detects and logs powetpea however the energy management system described could be
and drops. The processed data are then passed to the setver pged in organisation that do not use an MES in which case it
of the software that provides visualisation of energy datma-  would provide the following advantages:
chine operators. Figuredepicts the user interface of the pro-
totype. Production process schedule optimisation is pexvi ~ ® Low cost. The system requires minimum setting up to
through MES interface. monitor energy and train using expert knowledge,

The software framework was implemented using the Mi-
crosoft Streamlinsight complex event processing platform
(Microsoft, 2012.The overall cost of the system including the
equipment and installation costs is less tk&D00.

e Detection of states of any production equipment including
technical building services and ancillary systems. These
would be unlikely to be connected to the MES even if one
was used,

e Detection of degraded energy profile or extreme energy
event could facilitate the use of energy as a process control
variable for predictive maintenance (prognostic) purgpse

6. Discussion

The proposed framework provides number of features that
goes beyond state-of-the-art, such as energy data staredard e Energy profile analysis supports fault diagnosis,
gorithm for real-time data streams analysis and CEP enbate t
provides decision support information for increasing gyef- e Generation of detailed energy profiles for each product
ficiency and diagnosing failures at the production prooessl | may assist production planning, energy accounting and
This allows the workforce to be more energy aware and to make  carbon footprinting.
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Limitations of the proposed framework are the requirementrgyros, T., Ermopoulos, C., November 2003. Efficient sgioemce matching
for expert knowledge during training and the fact that the in time series databases under time and amplitude tranafams. In: Pro-

; " : _ceedings of Third IEEE International Conference on Dataiigr(ICDM
system will produce positive results only if workers and en 2003). IEEE Computer Society.

ergy managers are motivated to make energy efficient desisio anola, A., Uutela, A., Anttila, U., 1993. Billing feedbacks means to en-
prompted by the information the system can provide. courage household electricity conservation: A field experit in Helsinki.
In Proceedings of the 1993 summer study of the European @donan
energy efficient economy, 7585.
7. Conclusions Assent, |., Wichterich, M., Krieger, R., Kremer, H., Seifll, August 2009. An-
ticipatory dtw for efficient similarity search in time sesidatabases. In: Pro-
Manufacturers are facing a number of challenges including ceedings of 35th International Conference on Very LargaBases (VLDB

rising energy costs and increasingly strict emissionslation 2009). Vol. 2. VLDB Endowment, Lyon, France, pp. 826-837.

that mean that they can no longer regard energy as a fixed affg?"": N, Greenough, R., Vikhorev, K., 2012a. Some aspaicasframework
. . for energy data. In: Proceedings of 7th international c@rfee on improv-

relatwely small operatlonal expense. For many manufacsyr ing energy efficiency in commercial buildings (IEECB 201Rjankfurt.

energy must be monitored more closely and controlled in realBrown, N., Greenough, R., Vikhorev, K., Khattak, S., 201Ptecursors to us-
time. Energy management is becoming a key skill in the man- ing energy data as a manufacturing process variable. IrceBdings of 6th

ufacturing operations of many companies. Existing sohstio 'é‘r:'e Z‘I)tgfl'i;” Digital Ecosystem Technologies (IEEE-DEHIL2). Campi-

for measurement, analysis and control of energy do not addregrown, N., Wright, A., Shukla, A., Stuart, G., 2010. Longinal analysis of
all the requirements of energy management at the orgamisati  energy metering data from non-domestic buildings. BugdResearch and
factory or process level because they do not adequatelyageve __Information 38 (1), 80-91.

in the workforce an awareness of the energy used in their bu5|BSi’ August 2001. BS EN 60255-24:2001, IEC 60255-24:20G(Hal re-
gy lays. Common format for transient data exchange (COMTRADEpower

ness. systems.
This paper has presented a new framework for advanced efsi, 2009. EN 16001:2009 Energy management systems — Reugiits with
ergy management that provides information about the energ%(ug“'dance for use. Brussels.

f f ducti t . I-ti for deaisi nse, K., Vodicka, M., Schonsleben, P., Brihart, M., gErir. O., 2011. In-
pertormance of a production system In real-ume for deasio tegrating energy efficiency performance in production ngeanzent - gap

makers at all production levels, supporting effective tetya analysis between industrial needs and scientific liteeatlournal of Cleaner
and operational decisions in the company. The framework sup Production 19 (6-7), 667 — 679.

ports the standardization of all measured energy data fordu Carbon Trust, 2008. Automatic monitoring and targetingigepent: A guide
to equipment eligible for Enhanced Capital Allowances. &@emumber

analy5|s and visualization. Th'S_W”I also allow the dearsi ~ ECAT756, available from www.carbontrust.co.uk, accessadidly 2012.
support elements of the production system (such as ergerprichiotellis, S., Grismajer, M., 2012. Analysis of electligmwer data streams
Software) to utilize energy Consumption as an Optimizap'an in manufacturing. In: Proceedings of the 19th CIRP Confegeon Life

rameter in a real-time and closed-loop fashion. A set of ba- ggg'_ef)ggg'”ee””g' Springer Berlin Heidelberg, UC Berie@A USA, pp.

S.iC energy pe.rfo_rmance measures that can be Used. for calculgyrmy, 5., 2006. The effectiveness of feedbackon energguroption: A re-
tion and prediction of manufacturing system behaviour Base view for defra of the literature on metering, billing andeit displays. Tech.
on enhanced knowledge of its energy characteristics was pre rep., Environmental Changelnstitute,University of Oxffor _
sented. The framework focuses not only on acquiring data, bif"e'9/CAP, 2012 EnergyCAP Energy Management System.iefedr

. . . November 19, 2012, from http://www.energycap.com/.
also on data processing and correlation so that one camobtalsignt Energy, 2012. eSight Energy Monitoring and Targetin En-
meaningful information from the factory floor. The paper has ergy Management System. Retrieved November 19, 2012, from
described advanced techniques for real-time analysis @f da__ http/www.esightenergy.com/.
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